INTRODUCTION
Although the pr"sent rate of increase of CO 2 in the atmosphere is well documented, changes in the next century cannot be accurately predicted because the CO 2 budget is so poorly understood. The atmospheric concentration is increasing 1.4 ppm/year, corresponding to an increase in the atmospheric inventory of 3 Gt/year (1 Gt is 10' metric tons or 10" kg).
This observed increase is less than half of the estimated 8.7 Gt/year released by all sources to the atmosphere [10] . Most of the residual has been assumed to enter the ocean [15] . This cannot be verified directly, however, since the total dissolved inorganic C0 2 in the ocean is so much larger than the cumulative release of fossil fuel since 1850 that the change due to fossil fuel is small compared to natural variability. As a result, global CO 2 budgets are attempted by calculating the fluxes between ocean and atmosphere and between land and atmosphere.
There are two approaches to CO 2 fluxes between ocean and at mosphere.
The first, widely used in geochemical studies, uses bulk formulas based on the difference of the partial pressure of C0 2 denoted pC02, between air and water, and on U 10 , the wind speed 10 m above the sea surface. The bulk approach is not well established, however, and differences exist in the formulas, in niethods of measuring partial pressures, and in the spatial and temporal coverage of the data used to evaluate the formulas. Consequently. global calculations of net CO 2 fluxes also vary widely. The second approach to ('02 fluxes, developed by boundary layer turbulence investigators, is more recent and utilizes new fast-responding detectors for CO 2 concentration. These are necessarily point measurements, but similar direct measurements of heat and water vapor fluxes have been used to develop and validate bulk formulas for those variables. Although the instrumentation is still being developed, the results seem consistent with the more traditional measurements of water vapor and heat fluxes. The direct CO2 measurements, however, give fluxes much larger than bulk formulas used by the geochemists, producing vigorous controversy.
Before considering how the fluxes are estimated, the treatment by Broecker and Peng [14] is summarized to provide some background about the chemistry of carbon dissolved in the sea. where C03 is the carbonate ion and HCO" is the bicarbonate ion. Without this reaction, C02 would exist in the upper ocean only as dissolved gas, and the ocean would take up only 3% of the fossil fuel C02 [2] . 
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where the equilibrium constant, K', is a function of salinity, temperature, and pressure. Dissolved inorganic carbon occurs in the upper ocean in the three reduction states of C0 2 , and less than 1% of the total dissolved inorganic carbon, denoted EC0 2 , is found in dissolved C02 gas. Consequently, the concentration of total dissolved inorganic carbon can be approximated as the sum of its two major components
[moles] (2-3)
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Owing to the buffering mechanism expressed by Equation (2-1), the time for C02 in surface water to equilibrate with the atmosphere is about 10 times longer than for other gases-to change PC 0 2, it is also necessary to change the mnch larger inventories of C0M and HCO-. Broecker and Peng
[2) estimate the step response time of pCO2 ajid E3CO 2 in surface water as about one year.
Reflecting the important role of the negative ions C0V and HCO-in the balance of electrical charge in the sea, alkalinity is defined as the excess of positive charges to be balanced by these ions
L kg I " Therefore, alkalinity is also the sum of the concentrations of positive charges less the concentrations of the remaining negative ions.
Because the activity of water is identically one, Equations (2-2), (2-3), and (2-4) can be manipulated to give the concentration of carbon dioxide gas where PLtoW is the total pressure (this is equation 10 of Weiss and Price [25] ).
To determine the average flux, it would be appropriate to use the average Figure 2 . The product of the solubility, a. and the equilibrium constant, K for CO, in seawater, based on data in 
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(PH 2 0)air, since xco, is relatively constant over time. As evident in Figure 5 , the correction for PH 2 o is small, but it greatly increases with temperature, Biology is also an important aspect of the carbon chemistry of the sea and one that is likely to be strongly correlated with wind speed. Deepening surface mixed layers often entrain nutrient-rich waters from the thermocline, producing an explosive growth of phytoplankton in the mixed layer. These issues are beyond the scope of this preliminary survey, but are important. and need careful study. 
BULK FLUXES
The bulk flux is formulated as
where E is the gas exchange coefficient with units of moles CO 2 m-2 s-atm-,
and ApCO 2 is in atm.
The atmosphere is well mixed in C0 2 , with a mean concentration close to 350 ppm. The principal variability is an annual cycle of about 5 ppm (resulting from the yearly change in plant respiration) and a mean north/south gradient of about 3 ppm (resulting from greater release of fossil fuel in the northern hemisphere). In surface waters, oceanic concentrations range from 150 to 450 ppm. Therefore, changes in the driving potential for CO 2 exchange acruss the sea surface result largely from changes of (pCO 2 )>•.
The partial pressure of CO 2 in the surface water is measured by two methods. One, described earlier, is Weiss's which uses an air/water equilibrator connected to a gas chromotograph. This approach operates continuously while the ship is underway and determines (pCO 2 ),,, and (pCO 2 )o•,. The other method, used by Taro Takahashi at Lamont, is to collect bulk water samples, determine the total carbon and pCO 2 at a standard temperature, and then correct pCO 2 to in-situ values using the temperature dependences of the solubility and the equilibrium constants. Comparisons of simultaneous measurements reveal root mean square (rms) differences of 6-7 piatm between the two techniques, and along some ship tracks biases of 2-3 patm have been found [24] . Although these errors are relatively small compared to the concentration of C0 2 , they sometimes exceed the difference in concentration between air and water over large areas of the ocean. For the first 4,000 km of Weiss's measurements from San Juan to Buenos Aires (Figure 3 ), the difference in concentrations of CO 2 between air and water is no more than 10 ppm and changes sign several times. In other locations the errors will indeed be small relative to the contrast in partial pressures. For instance, upwelling produces a large excess of CO 2 in the surface water at the equator causing outgassing. Another case of large contrasts occurs at high latitudes during summer in the North Altantic ( Figure 4 ). For several thousand kilometers, the oceanic concentration is about 130 ppm less than the atmospheric value causing strong absorption.
The gas exchange coefficient is usually expressed as
with Vp as the gas-exhange velocity. Also known as the piston velocity, VP is not well known. Presently, the most realistic parameterization [11] expresses it in terms of temperature and wind speed where Vp is in m/s, U 1 o is the wind speed (in m/s) at 10 m above the sea surface, and Sc is the Schmitt number for CO 2 in water.
The temperature dependence occurs via the Schmitt number, defined 1 I as the ratio of the kinematic viscosity, v, to the diffusivity of C02 in water, KCO 2 , both of which vary with temperature. As v ,z I x 106 m 2 s-' and 'CO2 = 1 to 2 x 10-9 m 2 s-, Sc ;,: 600 at 20°C. Between 00C and 300C, Sc/600 varies more than a factor of three, decreasing with increasing temperature. (Sc also varies with salinity, but the effect is slight and can be ignored for CO 2 studies.) Owing to this dependence of Sc, Vi, increases with temperature by about a factor of two ( Figure 6 ).
This increase of Vp, however, is offset by the decrease of the solubility, a.
As a result, the CO 2 exchange coefficient, E, varies little with temperature ( Figure 7 ).
Liss and Merlivat [11]
proposed the wind speed dependence in Equation Bubbles may play an important role in gas transfer for two reasons.
First, bubbles greatly increase the total area of the air-sea interface. Because the resistance to transport is so completely in the water, bubbles lasting longer than turbulent eddies in the air can still be important to gas transfer.
Second, the global average of ApCO2 is of the order of 10 piatm, much smaller increases rapidly with U 10 , perhaps as U3. Owing to surface tension, the pressure inside small bubbles is higher than the hydrostatic pressure. Thus, the effect of bubbles on gas transfer, discussed by Thorpe [22] , could cause E to vary rapidly with wind speed. In a similar way, small ripples which modulate the thin diffusive boundary layer below the air-sea interface may be important for gas transfer. Because much of the information about the piston velocity comes from laboratory wind tunnels, it is not clear how well these measurements reflect gas transfer in a fully developed wind-driven sea.
Owing to the non-linear dependence of E on U 10 , instantaneous wind speeds are essential for evaluating Equation (3-4). Laboratory and local oceanic field studies of gas transfer are based on instantaneous winds, and the non-linear dependence does not permit the use of temporally or spatially averaged winds. As a minimum, reasonably accurate probability density functions should be used to calculate the average exchange coefficient, < E >. Beginning over a decade ago, turbulence measurements of CO 2 have developed slowly [91, [12] , [17] , [26] and generated sharp controversy. To the extent that they have been compared, the turbulent results exceed the bulk fluxes by factors of 5 to 10. Rejecting the turbulence fluxes, most of the geochemists attacked (3] , pointing out the low signal-to-noise levels of the CO 2 measurements and citing agreement between their fluxes and bulk constraints imposed by: 1) distributions of naturally occurring 14 C between ocean and atmosphere, 2) evasion rates of radon from surface waters, and
TURBULENT FLUXES
3) global distributions of bomb 14 C. Smith and Jones [18] and Wesley [27] defended their measurements. 
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We conclude that the turbulent measurements seem as carefully done as those for other atmospheric variables and cannot be dismissed. Neither, however, can we dismiss the bulk constraints cited by the geochemists as justification that the bulk formulas give the correct magnitude for average fluxes over large areas. The discrepancy probably results from differences in the space and time scales of the two approaches, as argued by Smith and
Jones [18] . Nevertheless, the controversy needs to be resolved soon. were constant or varied with wind variations. But, as the empirical law in Equation (3) (4) indicates, the relation between transfer rate and wind speed is nonlinear. It is, therefore, unacceptable to replace the average of E with E evaluated at the average wind speed, i.e., to replace < E(Ujo) > with E(< U 10 >). As a minimum, a reasonably accurate probability density of wind speed is required to calculate an average exchange coefficient. Beyond this, the covariation of ApCO 2 and wind speed could be deduced and used for better estimates of average fluxes.
MEASURING WINDS
Direct observations of wind speed from oceanographic buoys are sufficiently accurate for estimating fluxes, but buoys are too scarce to be of much help for global distributions. Routine ship observations are much more numerous. Many are based on visual identification of the sea state, which represents an average of an hour or so, owing to the finite growth rate of the 27 short waves most affecting the appearance of the sea. Because the observers are frequently well trained, these data are consistent and useful [16] , so much so that scatter between such wind estimates is about 25% and averages from different observers agree to about 10% [20] . Well-placed ship anemometers with good exposure appear to agree with buoy observations to 5%, but the same ship on a different course relative to the wind maiy yield errors of 30%.
The main problem with direct observations, however, is their low density, particularly in the southern hemisphere and in high latitudes during winter.
Efforts are underway to improve the ability of operational weather forecasting models to estimate the wind information needed for flux estimates, but success has not been demonstrated where data are sparse.
Can adequate winds be determined from satellites? Esse.itially three types of satellite sensors can be used to estimate wind speeds. Radar scat- finds that the largest errors in wind statistics come from inadequate sampling.
Even though a satellite makes many more observations than all the ships at sea, the influeiice of unobserved wind events on the climatology is still the greatest source of error. Thus, the best estimates of wind climatologies would be obtained by combining all satellite sensors with all avaliable direct observations.
No scatterometers are presently operating, but the European satellite ERS-1, launched in mid-1991, will have a part-time scatterometer. An identical satellite, ERS-2, is scheduled for 1994. The U.S. and Japanese NSCAT/ADEOS scatterorneter will be more accurate, and it will sample continuously. It is scheduled for 1995. The ERS satellites will both carry altimeters, which could yield wind data, and the TOPEX/POSEIDON altimeter is scheduled for mid-1992. The SMM/I passive microwave radiometer carried aboard operational Air Force DMSP satellites is now available for estimating wind speeds, and this series is likely to be extended in the future.
Thus, there will be a number of wind-sensing satellites available in the next decade which, with a significant effort, could be combined to provide oceanic wind fields of greater accuracy than available now. that ApCO 2 is subject to rapid, front-like variations which are several times larger than the differences in the zonal averages shown in Figure 11 . Consequently, high spatial resolution will be required for accurate spatial averages.
At the very least, diligent study is needed to define the sampling needed for realistic space-time averages. Since cooling by 1 0 C can lower (pCO 2 )oo, about 10 ppm, it is quite possible for these effects to change the sign of the mean flux as well as its magnitude.
For example, Figure 8 shows ApCO 2 -0 over much of the North Pacific, so that accounting for a correlation between ApC0 2 and U 10 may significantly change the computed flux. Finally, wind-driven entrainment also brings nutrients into the mixed layer, leading to the possibility that biological activity may also cause additional correlation of ApCO 2 and wind speed.
Because the global mean ApC0 2 is so small, it is critical that the chemical procedures used to measure it be accurate to a very few ppm. Although a sample-to-sample noise several times larger would little affect the averages, it is critical that there not be a mean bias error. We are unaware of successful comparisons of different methods to show that consistent measurements can be made.
36

Recommendations
In view of the wide disparity in the algorithms and in the data used for computing C0 2 fluxes, little can be expected from further calculations until better algorithms are developed and the data improved. Several steps are needed.
1. A program should be established to determine Vp at sea, as is done for transfer coefficients for momentum, heat, and moisture. This will require extensive measurements by geochemists and turbulence investigators working at the same place and time from platforms and ships.
After rationalizing bulk and turbulent fluxes at low and moderate wind speeds, the measuremrinws should be extended to the high winds producing the hig-P, s transfer rates in the Southern Ocean.
2. The observational work to determine Vp should be coupled with measurements of wave breaking and subsurface bubbles and with theoretical and laboratory work on the role of bubbles in gas transfer.
3. Investigators measuring CO 2 at sea should be funded to publish their observations, and they should be encouraged to adopt common methods of measurement, with suitable controls. A standard is needed before beginning systemmatic sampling of ApCO 2 . 38
